This manuscript is a review of the preclinical and early clinical findings related to a unique fluorinated polyphosphazene nanolayer device surface modification. Polyzene-F (PzF) is a novel, high-molecular weight, highly pure polyphosphazene that was designed to enhance the biologic interface between a medical device surface and human tissue or blood. The polymer also has unique mechanical properties that for the first time allow implants to be paved with a coating that has a nanoscale thickness of < 50 nm. The coating has inherent thrombus resistant properties and takes on biomimetic properties soon after implant due to favorable protein adhesion. Over the last 1.5 decades, PzF has undergone extensive preclinical testing including benchtop endothelial cell migration and platelet adhesion studies followed by increasingly sophisticated evaluation in 16 different animal models. The coating consistently has shown reduced platelet adhesion, decreased clotting, reduced inflammation, and accelerated healing compared with different surfaces as well as uncoated controls. These preclinical findings have translated into early compelling clinical evidence that suggest enhanced healing and reduced thrombosis can be achieved with a PzF-coated implant. There are now two PzF nanocoated products approved by the US Food and Drug Association (FDA), embolic spheres, and a coronary stent. This is the first detailed overview of the history, preclinical findings, and current clinical results attributed to the PzF coating with emphasis on the coronary stent Cobra-PzF.
materials. One of the most feared complications of stents is clotting, which can result in abrupt closure of the treated artery. In the case of heart stents, abrupt closure can cause a heart attack or even sudden death whereas clotting within stents in the neck arteries (carotids) can cause stroke. Additional normal body defense mechanisms include complicated immune responses that trigger inflammation and can cause scarring resulting in early recurrence of the blockage or so-called "restenosis." In an effort to eliminate restenosis, many stents are now coated with drugs that slow or prevent healing. The downside of this approach has been the need for long-term blood-thinning medications like Plavix and aspirin. In this article, we review the history and current clinical findings of a new way to potentially make medical implants invisible to the normal foreign body defense responses that cause subsequent complications. The innovation involves the development of a new compound called Polyzene-F (CeloNova BioSciences, San Antonio, TX) that can be placed on the
Introduction
We have witnessed unprecedented advances in the field of medical device innovation over the last 5 decades. With maturation of the field, the early focus on implant architecture and miniaturization has shifted to the challenge of optimizing implant interaction with living tissue on a cellular and molecular level. The cascade of chemical reactions, alongside the myriad of paracrine, cytokine, and cellular responses, triggered at the tissue-blood interface of an implanted device, is extremely complex. We set out to establish a surface that mimics normal tissue or imitates nature at a molecular level via nanolayer surface paving with a novel hybrid inorganic-organic polymer now known as Polyzene-F (CeloNova BioSciences, San Antonio, TX).
Polyzene-F (PzF) is a special polyphosphazene, poly [bis (trifluoroethoxy)phosphazene] (Fig. 1a) , made with a proprietary polymerization process. The polymer has unique mechanical characteristics, namely high tensile strength and high elasticity, that allowed the development of a unique, predictable, homogenous implant coating that can be applied at nanoscale thickness of < 50 nm. To put the coating thickness into perspective, the PzF surface modification is not visible under a microscope and is less than the thickness of a cell wall. The polymer was developed to optimize the interface with blood proteins by preferential adsorption of albumin over fibrinogen through trifluoroethanol moieties and avoiding other organic branch chain substitutions on the inorganic backbone [1] . PzFcoated devices appear to take on biomimetic properties soon after implant as they are rapidly covered with albumin [2] . Fig. 1 The structure of PzF and its effect on plasma protein adsorption. a The PzF backbone as a phosphonitrillic compound with trifluoroethoxy attachments. b Illustrates that surfaces modified with PzF proved most efficacious in minimizing fibrinogen adsorption (red bars) while maximizing human serum albumin (green bars) measured in arbitrary un its. ( Hydro, hyd ro xylated glass slides; APTMS, ( (3 -Aminopropyl)trimetoxysilane); Aldehyde, Glutaric Aldehyde; PMMA, poly(methyl methacrylate); and OTS, (Octadecyltrichlorosilane) [2] Furthermore, the adherent albumin seems to maintain structural integrity with reduced denaturation compared with other implant surfaces [2] . This latter benefit partly explains the lower inflammatory response seen in PzF-coated implants although there are also reduced inflammatory and clotting responses seen in the absence of albumin. The biomimetic properties gained soon after implant, in part, may explain the early clinical benefit seen in the first FDA-approved clinical applications of PzF-coated embolic beads [Embozene Embolic Microspheres-(Boston Scientific, Marlborough, MA)] [3] [4] [5] [6] [7] . The second FDA-approved PzF-coated product is the Cobra PzF nanocoated coronary stent (CeloNova BioSciences, San Antonio, TX). The goal of this overview is to review the history, preclinical, and clinical findings of this new nanolayer coating with emphasis on the US FDAapproved PzF-coated coronary stent.
History of Polyzene-F
PzF is the culmination of nearly 2 centuries of scientific discovery involving a class of compounds categorized as phosphazenes. Phosphazenes were discovered in 1834 and over the next few decades the chemical composition [PNCL 2 ] and trimetric configuration were further defined [8] [9] [10] . It was Stokes [11] in 1895 who discovered the cyclic nature of the phosphazene trimer structure and was able to synthesize an inorganic rubber with heating. However, the compound was so sensitive to crosslinking and instability with heating, it was not until the mid-1960s when Allcock and Kugel [12] synthesized the 1st un-crosslinked, fully substitute d , h i g h m o l e c u l a r w e i g h t , p o l y [ b i s (trifluoroethoxy)phosphazene]. These new polyphosphazenes showed great promise but the ring-opening polymerization process was complex. The synthetic process failed to tightly regulate macromolecular characteristics and fell short in production consistency, namely in functional properties, structural irregularities, and synthetic by-products affecting degradation profile, making a cost-effective scalable model for commercial applications elusive [13, 14] . Some progress was made in polyphosphazene synthesis during the 70s and 80s bypassing the side chain macromolecular substitution process [15] [16] [17] [18] [19] [20] . However, it was the work done by Dsidra Tur, Michael Grunze, and his team at the University of Heidelberg in the 90s that led to the development of PzF. This work culminated in development of the first medical grade Poly [bis (trifluoro-ethoxy)phosphazene] that, unlike the previous polyphosphazenes, was a very high molecular weight, low dispersity, and extremely pure compound. This newly discovered synthesis pathway allowed electron withdrawing of trifluoroethoxy groups that resulted in the ability to program into the polymer a negative surface energy and high dipole moment that enhanced biologic interface with tissue and blood. The resultant strongly hydrophobic compound also had the unique combination of high elasticity and high tensile strength.
PzF has undergone extensive preclinical testing since it was discovered over 15 years ago. The structural integrity of the coating, application techniques, and surface compatibility testing with various implant materials remain proprietary. However, selected testing analyzing the impact of the coating on clotting, platelet adhesion/activation, protein adhesion, and anti-inflammatory properties are summarized in Table 1 . Additional background for the preclinical testing is provided below followed by a review of how this research has been translated into clinical trial results.
Characterization of Polyzene-F
Chemical Properties The proprietary synthesis pathway for PzF enabled the development of the first polyphosphazene without significant hydroxyl group substitution. As a result, PzF has < 0.005% residual hydroxyl groups. The residual chlorine content is < 0.003%. The molecular weight is 10 to 25 × 10 6 with a polydispersity index of 1.1 to 1.4. The elongation to break is 700% and there is a high tensile strength of 196 MPa with a surprising elastic modulus of 90 MPa and surface potential of − 32.5 mV [21] [22] [23] . These characteristics result in very unique properties that are innate to the material at initial exposure to the biologic environment but also propagated by how circulating proteins behave on the surface.
Protein Adsorption The molecular handshake between a foreign body surface and blood components generally starts within seconds as proteins begin to adhere to the surface. According to the BVroman effect,^the more mobile proteins adsorb first. Those can later be replaced by larger, less mobile proteins [24] . The structure and type of adsorbed proteins on the implant surface contribute to the cellular response. We now know that fibrinogen triggers a negative cellular response with activation of inflammatory cells and platelets. In addition, the most abundant protein in the bloodstream, albumin, can send signals that incite inflammation and inflammatory cell adhesion when that protein becomes denatured [25] . Welle et al. [2] examined the adsorption of albumin and fibrinogen on various surface coatings including metal, metal oxide, and non-metal coatings when the surface is immersed in human plasma. The lowest amount of fibrinogen and the highest amount of albumin were observed on PzF modified surfaces (Fig. 1b) . More importantly, the albumin attached to a PzF coating seems to avoid denaturing. These findings, among others, became the foundation for the hypothesis that the implanted devices coated with PzF would mimic nature and thus decrease inflammatory response, reduce platelet Human platelet rich plasma [26] Gold surface vs PzF foil
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In Vitro Findings
The hypothesis that PzF would reduce platelet adherence was supported by early studies with a porous PzF foil (note: the foil is 100 s times thicker than the PzF nanocoating and thus is visible under a microscope) stretched on a control [gold] metal surface. The PzF foil was prepped with multiple alternating slits and when stretched over the gold metal coupon, a pattern of covered and uncovered portions of gold substrate was achieved (Fig. 2a ). The covered coupon was then immersed in platelet rich human plasma for 1 h. After rinsing in citrate buffer solution, the samples were fixed with formaldehyde solution and examined under the microscope showing remarkable sparing of the PzF covered portions from platelet adhesion ( Fig. 2a ) [26] . Furthermore, rapid endothelialization was anticipated as others have shown low concentrations of fibrinogen lead to rapid endothelialization [27] . In an in vitro experiment, human aortic endothelial cell migration on a 1 × 1 cm 2 coupon under low and high shear stress flow was used to evaluate PzFcoated metal surfaces [28] . Within 14 days, the PzF-coated coupon was completely covered with endothelial cells. In a similar experiment, endothelial cell coverage was analyzed on stainless steel and cobalt-chromium stents (CoCr), both in uncoated and PzF-coated conditions. The migration speed under shear flow was 25 ± 0.8 μm/h for stainless steel stent and 21.4 ± 2.3 μm/h cobalt chromium CoCr (current preferred metal for coronary stents) while for the PzF-coated material, the speed increased to 25.9 ± 2.3 μm/h and 27.2 ± 2.6 μm/h respectively.
Ex Vivo and In Vivo Findings
Ex vivo and in vivo studies supported the anti-thrombotic properties shown during earlier in vitro analysis. In a canine ex vivo loop system, specifically placing a fistula between artery and vein containing different materials, adhered thrombotic mass was determined for different polymeric materials including PzF, Teflon, and polyethylene without anticoagulant [29, 30] . PzF showed no thrombotic mass after 22 min, while polyethylene had more than 4500 μg/cm
Further animal studies have shown the PzF modified surface does not activate platelets and supports healthy endothelial cell growth without over expression (Fig. 2b, d ). Subsequently, Richter et al. [31] compared the thromboresistance and non-inflammatory properties of PzF surfacemodified stents with bare metal stents in a rabbit model. Statistically significant differences in thrombus occurrence were demonstrated. Results showed that surface modified stents were superior to bare metal stents regarding the prevention of stent thrombosis. Analysis for neointimal hyperplasia COBRA PzF NCS (green box) yielded the least thrombocyte adherence when compared with the COBRA BMS (blue box) and Vision BMS (red box). d Scanning electron microscopy images comparing a bare metal stent with a thick protein layer of fibrinogen, thrombocytes, and erythrocytes against the COBRA PzF NCS with a thin protein layer lacking clots or fibrin, instead supporting healthy endothelial cell growth [20, 29] showed that the maximum neointimal hyperplasia of the PzF surface-modified stents was~2.5 times lower than that of the non-surface modified stents supporting the hypothesis that enhanced healing may reduce restenosis [31] . In a porcine study by Satzl et al. [32] , PzF-coated stents demonstrated superiority to bare metal stents at 3-month follow-up with regard to: (a) on-stent anti-thrombogenicity: no thrombus deposition; and statistically significant reduction in the percentage of average luminal diameter (ALD) and minimal luminal diameter (MLD), neointimal area, and luminal area, (b) reduction of late in-stent-restenosis: statistically significant reduction in the percentage of stenosis, (c) prevention of local and specific inflammation responses: statistically significant reduction in inflammatory score, and (d) nearlycomplete endothelialization.
In comparison with control bare metal stents, PzF-coated stents placed in porcine renal and iliac vessels showed absent thrombus deposition versus thrombus on 2 of the 6 iliac stent controls at 4 weeks [33] .
Late in-stent neointimal response in stainless steel bare metal stents was higher than the PzF surface-modified CoCr stents in a porcine coronary artery model [34] . There was no evidence of thrombus deposition on stents or target vessels throughout the entire study for Polyzene-F surface-modified stents. There were no occurrences of severe inflammation with granulomas on any of the tested stents.
A porcine ex vivo arteriovenous-shunt model was used to examine the thrombogenicity property of COBRA PzF Nanocoated Coronary Stent (NCS) System versus Cobra bare metal stents (BMS) and Vision BMS (Fig. 2c) . It was shown that after explantation, no thrombus formation for the COBRA PzF NCS System was observed. In the SEM picture as well as the stained stent via light microscopy, very low amount of thrombotic mass can be seen in the COBRA PzF compared with significant mass on the Vision BMS (Fig. 2c ) [35] .
Further pre-clinical investigation supported the in vitro findings of rapid endothelialization as well as illustrating reductions in inflammation with Cobra PzF-coated stents. A pre-clinical study with nine New Zealand white rabbits, where 18 stents were implanted in the left and right ilio-femoral artery, showed excellent endothelialization for COBRA PzF NCS System after 14 days. The study aimed to assess endothelial cell coverage and inflammation in response to Cobra PzF-coated stents without drug in the rabbit compared with Synergy bioabsorbable polymer everolimus-eluting stent (EES) and Xience Xpedition permanent polymer EES after 14 days of implantation. Table 2 summaries the result for the endothelial cell coverage. The COBRA PzF NCS System had significantly better coverage of stent struts and in-between stent struts with endothelial cells compared with Synergy and Xience [36] .
In a porcine coronary artery stent implantation model versus a Vision bare metal stent (24 animals), the neointimal growth for COBRA PzF NCS System was significantly lower than for a Vision BMS [35] . At 28 and 90 days, the neointimal thickness for COBRA PzF NCS System was 0.16 and 0.1 mm versus Vision BMS 0.33 and 0.22 respectively (Fig. 3) . Even for overlapping stents, the neointimal thickness for COBRA PzF NCS System was by factor 3 thinner: 0.13 mm versus Vision BMS' 0.39 mm.
In the same pre-clinical study as above, with New Zealand white rabbits, the inflammation reaction was evaluated with a RAM11 marker for macrophages. On the COBRA PzF NCS System, the lowest number of macrophages was observed compared with Synergy and Xience stents. Cytokines also play an important role in coronary artery disease and are involved in interactions between different cell types, cellular responses to pathologic stimuli, and maintenance of homeostasis. Koppara et al. [35] showed in experiments with cultured monocytes that monocytes have a much lower ability to adhere and form multinucleated cells, particularly macrophages, on PzF-coated coupons (Fig. 4, panel a) . Evaluation of cytokines in the cell medium including IL-4, IL-10, IL-12, and TNFα showed significantly lower amounts of inflammatory cytokines for the PzF-coated coupons (Fig. 4, panel b) .
Similar to the low inflammatory markers in the above study, a low inflammation score was found when the COBRA PzF NCS System was compared with a Vision bare metal stent implantation in porcine coronary artery after 28 days (Fig. 5) [37, 38] . No struts with granulomas were found for the COBRA PzF NCS System compared with the Vision bare metal stent. In addition, for a single stent and overlapping stents, the amount of struts with granuloma was zero compared with Vision bare metal stent. Additionally, the injury score was very low for the COBRA PzF NCS System in comparison with the Vision bare metal stent. Recently, the team at the CVPath Institute (Gaithersburg, Maryland) under the direction of Dr. Aloke Finn evaluated Cobra PzF versus conventional drug-eluting stents with respect to thrombogenicity and healing to assess suitability for short-term dual anti-platelet therapy (DAPT). In the porcine shunt model, the Cobra PzF showed less platelet aggregation than the bioabsorbable polymer drug-eluting stent (DES) and comparable findings to the durable polymer DES. Additional studies included analysis of vessel permeability utilizing a new method developed by CVPath that has not been reported previously. Utilizing these new methods via a 28-day in vivo rabbit iliac model, the endothelial coverage and barrier protein function were found to be superior in Cobra PzF relative to durable polymer DES, bioabsorbable polymer DES, and polymer free DES (Figs. 6 and 7) . This latter finding is the first in vivo assessment of how different stent platforms affect subsequent uptake of large molecules into the cell wall which has many implications for healing and late neoatherosclerosis. In 20) were stained with hematoxylin and eosin (H&E) staining [29] addition, the study showed via vascular endothelial (VE)-cadherin complex and p120 staining statistically significant better endothelial coverage in the Cobra PzF stent compared with market-leading DES [36] .
Cobra PzF
Synergy Xience BioFreedom x200 x200 x200 VE-cadherin P-120 x200 Fig. 6 Results of 28 day in-life stent implantation in a rabbit model. Evans blue uptake across the COBRA PzF, Xience, Synergy, and BioFreedom stent systems (iii). The Evans blue uptake was significantly lower in the COBRA PzF compared with Xience and Synergy and favorable to BioFreedom. Confocal microscopy of each stent performing colocalization of VE-cadherin and p120 (ii) and scanning electron microscopy (i) enhanced at × 200 (a)(b) suggest Cobra PzF has a significantly higher endothelial coverage barrier protein above strut and higher endothelial coverage [36] Neointimal area Table 3 and detailed below.
The first clinical outcomes with Catania PzF coronary stent were reported by Tamburino et al. [39, 40] in the first-in-man (ATLANTA-FIM) trial (n = 55) and subsequent ATLANTA II (n = 300). The late stent thrombosis (LST) which was 0% in the ATLANTA FIM and in ATLANTA II with no need for dual antiplatelet therapy beyond 30 days after the procedure. The 0% LST was also observed in the multicenter registry in France (n = 379) [41] . Clinically driven target lesion revascularization (TLR) at 12-months post-procedure was 3.6%, 6.5%, and 3.9% in ATLANTA FIM, ATLANTA II, and ATLANTA FR, respectively.
The first human experience with COBRA PzF NCS was reported by Maillard et al. [42] . Among 100 patients (71% men, mean age 71.4 ± 11.0 years), 38% had acute coronary syndromes. The population was consistent with real-world experience and included patients with multiple comorbidities Fig. 7 Quantification of 28 day in-life stent implantation results in a rabbit model. Cobra PzF had the least Evans blue uptake, most endothelial coverage barrier protein above strut, and most endothelial coverage in scanning electron microscopy above strut compared with Xience, Synergy, and BioFreedom [36] . The Evans blue uptake was significantly lower in the COBRA PzF compared with Xience and Synergy and favorable to BioFreedom. Confocal microscopy of each stent performing colocalization of VE-cadherin and p120 and scanning electron microscopy enhanced at × 200 suggest Cobra PzF has a significantly higher endothelial coverage barrier protein above strut and higher endothelial coverage [36] including 26% with diffuse multi-vessel disease. One-year outcomes demonstrated 5% TLR and no cases of definite stent thrombosis.
Andersson et al. [43] reported on 103 high-risk individuals undergoing PCI with COBRA PzF NCS using the Swedish Coronary Angiography and Angioplasty Registry (SCAAR), the SCAAR is a 20-hospital registry developed to evaluate stent performance. At a mean follow-up of 10 months, clinically driven TLR was 3.9% and no clinical stent thrombosis was observed.
CeloNova Biosciences has sponsored three COBRA PzF clinical trials. The COBRA PzF Coronary Stent System in Native Coronary Arteries for Early Healing, Thrombus Inhibition, Endothelialization, and Avoiding Long-Term Dual Anti-Platelet Therapy (PzF SHIELD) (ClinicalTrials.gov Identifier: NCT01925794) study led to the approval of COBRA PzF in the USA. The PzF SHIELD Study was a non-randomized, multi-center, prospective, single arm, controlled clinical study conducted at 35 sites in the US and Europe [44] . Between August 2013 and February 2015, 296 patients were enrolled and treated with COBRA PzF stent. A high number, 34% of patients, were diabetics. Stent thrombosis at 9-months post-procedure was 0%, type 4c MI was 0.7% while clinically driven TLR was 4.6%.
The Safety and Effectiveness Evaluation of COBRA PzF Coronary Stent System: A Post Marketing Observational Registry (eCOBRA) (ClinicalTrials.gov Identifier: NCT03103620). The eCOBRA trial was a prospective, post market, multicenter registry for all comers' patients undergoing PCI. A total of 940 patients were enrolled and implanted with COBRA PzF stents from 18 French centers. The 12-month primary endpoint results were presented at EuroPCR 2018, and subgroup analysis (STEMI and NSTEMI vs. stable and unstable angina) was presented at TCT 2018. The eCOBRA trial demonstrated a low rate of cardiac death (3.7%), Target Vessel-MI (1.8%), clinically driven TLR (4.3%), and a low rate of LST (0.3%). In the sub group analysis, 443 patients with STEMI and NSTEMI versus 497 with stable or unstable angina were compared. At 1 year, cardiac death was 5.0% vs 2.4% (p.0.04), MI 2.7% vs 3.8% (p.NS), LST 0.45% vs 0.2% (p.NS), and TLR 4.5% vs 3.4% (p.NS) in ACS and non ACS groups, respectively.
The Randomized Trial of COBRA PzF Stenting to Reduce Duration of Triple Therapy (COBRA-REDUCE) study (ClinicalTrials.gov Identifier: NCT0259450). COBRA REDUCE is ongoing. It is a prospective, 1:1 randomized, open-label assignment, assessor-blinded, active-controlled, multi-center study to evaluate the safety of the COBRA PzF stent with 2 weeks DAPT compared with drug-eluting stents with 3 or 6 months DAPT in patients on oral anticoagulant and undergoing PCI. This study will enroll 996 patients at 60 sites globally.
Conclusions
Extensive preclinical in vitro, in vivo, and ex vitro studies suggest devices covered with a nanolayer of PzF have favorable interactions with platelets and subsequent enhanced healing due to protein adhesion associated biomimetic properties. The reduction in clotting, decreased inflammatory response, and enhanced healing seems to be driven by the unique molecular architecture of the polymer and results in an improved interface with cellular, protein, cytokine, and paracrine responses at the implant surface. The first FDA-approved PzF-coated permanent implant (Embozene Embolic Spheres, Boston Scientific, Marlborough Mass, USA) also showed evidence of reduced inflammation which may be beneficial in reducing pain, part of post-embolic syndrome, after occlusion of hypervascular tumors [3] . The coronary stent was selected by PzF researchers as the next clinical target based on the hypothesis that the thrombo-resistant polymer characteristics could potentially address the issue of stent thrombosis and the need for long-term DAPT while the reduced inflammatory response may also enhance healing and reduce restenosis.
While the field of coronary intervention has matured over the last 3 decades, one of the remaining challenges is balancing the risk of accelerated neointimal growth within the stent, in-stent restenosis, and the inherent risk of using a drug coating to slow or halt healing. The former results in the need for repeat intervention while the latter is associated the potentially catastrophic risk of stent thrombosis. In reality, the unhealed DES is very similar to a vulnerable plaque and the binary shift from being widely patent to abrupt closure, without mature collaterals, is associated with a very high mortality [45] . On the other hand, recent data suggests that repeat intervention for in-stent restenosis is also associated with increased mortality, so the ideal solution remains elusive [46] .
This new class of nanocoated stents with enhanced healing comes at a time when DES outcomes are improving. For example, the DES abrupt closure risk improved from 4.4 to 1.4% with newer drugs and polymer changes [47] . Recent DES designs have evolved to include bioabsorbable or even absent abluminal polymer drug delivery systems. Third generation DESs seem to have abrupt closure risks below 1% but often with the tradeoff of higher need for TLR, 3.5% in the polymer free DES study, or 5-6% in high-risk bleeding populations [48] . The Cobra PzF seems to have significantly narrowed the gap between DES and BMS with an intermediate solution that has an Ball comers^TLR of 4.3% in a 940 patient registry and a TLR of 4.6% in the well-controlled US/OUS trial leading to FDA approval [44, 49] .
If the Cobra PzF-associated low TLR rates and MACE continue to be confirmed in ongoing trials, then availability of this new class of stents raises many questions about future stent trial designs and comparative studies. The compelling pre-clinical work, reported herein, showing permeability of the endothelial barrier to large molecules with DES, raises questions about the long-term biologic impact of a widely porous endothelium during delayed DES healing, and how this may explain very late stenosis or occlusion from neoatherosclerosis. In addition, the TLR risk seems to persist for DESs out to 3-5 years and this may not be the case for this new class of pro-healing stents. Therefore, would the earlier slightly higher TLR observed in Cobra PzF compared with some DESs balance out at 3 years since the neointimal process should generally be extinguished during the first year of the former? Will we need to reconsider the value of 1 year Blate loss^as a surrogate for coronary stent efficacy? It is far too early in the clinical research stage of PzF enhanced healing to answer many of these questions; however, many will argue that the DES outcomes will continue to improve and some degree of harnessed healing will always be required.
As we consider the ideal larger trial design to address the provocative questions regarding pro-healing as an alternative to delayed or incomplete healing in a coronary artery, the current Cobra PzF clinical research focus is on a subgroup of patients that are at high risk of bleeding. Approximately, 10-15% of indicated coronary interventional cases are currently done in patients at high risk of bleeding including those with atrial fibrillation on oral anticoagulants [50] [51] [52] . These patients could benefit from a stent that prevents acute thrombus formation and accelerates healing. Based on the WOEST trial, these atrial fibrillation patients have prohibitive risk of bleeding following DES when placed on DAPT in addition to their needed anticoagulant, socalled Btriple therapy.^A stent that reduces acute and subacute thrombotic risk, while also reducing restenosis, may have a significant advantage in the high bleedingrisk patient. Accordingly, the ongoing COBRA REDUCE trial will evaluate the safety and bleeding risk of 2 weeks DAPT in patients on oral anticoagulation compared with traditional antiplatelet regimen in the DES control group. This novel trial design addresses a huge unmet need as the 1st stent study with only 2 weeks DAPT since one-half of all major bleeding on triple therapy occurs in the 1st month after DES stent placement [53] .
Irrespective of how the ongoing Cobra PzF trials progress it is clear that advanced material science research that includes expertise from many disciplinesmaterial scientists, engineers, chemists, cardiovascular pathologists, clinicians, and cell biologists-will be the next frontier in device science innovation. The PzF coating may be applicable for other medical device implants but this will require additional study.
